Epidemiological studies on the effect of urban air pollution on lung cancer were surveyed. Overall, the studies from many countries point to a smoking-adjusted risk in urban areas over countryside areas that is higher by a factor of up to 1.5. The extent to which urban air pollution contributes to this excess remains unknown. Studies on diesel-exposed occupational groups show that urban air pollution may have a causative role in lung cancer. Model calculations on unit risk factors of known human carcinogens were carried out to rank carcinogens according to their current ambient air concentrations. -Environ Health Perspect 102(Suppl 4): 187-192 (1994).
Introduction
Of the many known causes of cancer in western industrialized countries, air pollution appears to be a minor contributor as compared to such dominant causes as tobacco smoke (1, 2) . Yet air pollution unavoidably affects the whole population and can interact with other carcinogenic factors, potentiating their effects. Thus, when considering cancer as well as other diseases, there is a reason to control air pollution and keep it at a minimum.
In this article, epidemiological evidence on air pollution-induced and engine exhaust-induced cancer is reviewed shortly. Unit risk factors for individual chemicals estimated from epidemiological studies then are used to assess the contribution of various pollutants at their present levels to the risk of cancer in the future.
Methods of Risk Estimation
Epidemiological studies provide direct evidence on presence and magnitude of cancer risk in humans. In spite of this, epidemiological approaches to assess environmental cancer risks have serious limitations. First, the effects pertain to exposures during earlier years or decades. The exposure panorama has changed extensively during the last decades, which hampers interpretation of cancer risks of current exposures. Second, as the risks are near the detection limit of present epidemiological methodology, the studies are particularly sensitive to bias resulting from uncontrolled confounding or imprecise estimation of exposures (3) .
Epidemiological data from occupational studies may be used to estimate cancer risks related to compounds present as constituents of air pollution. In some occupational studies, the exposure levels are reasonably well assessed and the relative risks are large enough to add confidence to the risk estimates. Risks at lower levels of exposure may be estimated by extrapolation, assuming certain dose-response relationships. If a linear dose-response relationship is assumed, a unit risk factor can be calculated. This factor is usually given as the risk of cancer resulting from lifetime inhalation of 1 pg/m3 of the substance.
A third possibility for risk estimation is the use of animal experiments. This requires many assumptions on the interspecies and high dose/low dose extrapolation, as discussed later. However, in the absence of epidemiological data, risk assessments usually are based on animal data.
Studies in Urban Areas
Cancer risks in urban areas have been studied with different epidemiological methodologies. Primarily three types of studies can be identified: ecologic studies, cohort studies, and case-control studies. In contrast to the other two, ecologic studies use groups of people rather than individuals as the unit of observation. Ecologic studies generally are not suitable for assessment of causal relationships. The epidemiologic evidence on air pollution and lung cancer has been reviewed recently by Pershagen and Simonato (3) and will be discussed briefly here.
The data from cohort studies on urban air pollution and lung cancer is summarized in Table 1 . All but one of the investigations contain information on smoking for all study subjects. The studies come from the United States (3), Sweden (2), Finland (1), and Great Britain (1). Smoking-adjusted relative risks for lung cancer in urban areas generally were in the order of 1.5 or lower in those cohort studies reporting increased risks. The findings pertain mainly to smokers. For nonsmokers, the number of cases generally was too small for a meaningful interpretation of urban to rural differences.
In the case-control studies, residential and smoking histories were obtained for the study subjects, and sometimes information on potential confounding factors such as occupation also would be gathered ( (29) to married smokers in rural areas. a An extended follow-up of the male part of the cohort through 1979 showed smoking standardized death rates of 1.4 and 1.1 in cities and towns, respectively (J Carstensen, personal communication).
risk for females and nonsmokers in urban areas (5) . The magnitude of the excess relative risks for lung cancer in urban areas reported in the case-control studies were similar to those in the cohort studies.
A The epidemiological studies on urban air pollution and lung cancer discussed above give somewhat inconsistent results as to the type of interaction with tobacco smoking. Some studies provided evidence of a combined effect exceeding an additive effect and often were compatible with a multiplicative interaction (4, (6) (7) (8) . Other studies were more consistent with an additive effect (5, 9, 10) . In most of the studies, urban and rural differences in lung cancer rates were more pronounced or seen only among smokers. For example, a study from Utah revealed increased urban rates for non-Mormons only (11) . A positive interaction between urban air pollution and smoking may contribute to these results.
Magnitude ofCancer Risk in
Urban A The strongest evidence of an effect of air pollution on cancer is seen for lung cancer. Other sites also may be affected, although supportive data are very limited. For lung cancer, smoking-standardized relative risks comparing urban and rural areas often were in the order of 1.5 or lower in the published studies and generally higher in men than in women. A relative risk of 1.5 would imply that one third of the cases among the exposed are attributable to the exposure. Corresponding attributable risks for relative risks of 1.1% and 1.3% are 9.1% and 23.1%, respectively. The attributable risk for the whole population is lower and depends on the proportion exposed in the population.
Two of the studies on urban air pollution and lung cancer provided data on attributable risks (or similar measures). In the national Swedish cohort, Ehrenberg et al. (12) reported that some 40 and 20% of the lung cancer incidence in men and women, respectively, was "statistically explainable" by urbanization variables other than smoking and diagnostic intensity. Smoking explained 85% and 20 to 40% of the lung cancer incidence in men and women, respectively. In the case-control study from the Cracow region, it was estimated that 4.3% of the lung cancers in men and 10.5% in women were attributable to air pollution (4 The great uncertainty in the extrapolations should be stressed, and they should be interpreted only as providing rough estimates of risks. However, it appears that the relative risks observed in the epidemiological studies may not be unrealistic if related to earlier heavy exposure to pollutants in ambient air.
Studies in Populations Exposed to Engine Exhausts
In 1988 the International Agency for Research on Cancer (IARC) evaluated the carcinogenicity of diesel and gasoline engine exhausts (13) . IARC concluded, based on the epidemiological data available, that there was limited human evidence for the. carcinogenicity of diesel engine exhaust, inadequate evidence of gasoline engine exhaust carcinogenicity, and limited evidence of unspecified engine exhaust carcinogenicity (13) . The risk ratios (SMRs) were between 1.2 and 1.5 in a Canadian and U.S. cohort study on diesel-exposed railroad workers and in two case-control studies. The inability to exclude exposure to diesel exhausts was the main reason the gasoline engine exhaust evidence was inadequate. Three out of four case-control studies showed an excess of bladder cancer, in addition to lung cancer, in diesel-exposed workers (13) .
Since the IARC evaluation, several relevant epidemiological studies have been published. In a large U.S. cohort study of 460,000 men at ages 40 to 79 years, the crude relative risk of lung cancer among those exposed to diesel exhaust was 1.4. After adjustment for a number of factors, including smoking, the relative risk fell to 1.18 (95% confidence interval [CI] 0.97-1.44). There was a moderate (p<0.1) trend with duration of exposure; among the occupational categories a significant additional lung cancer risk was observed for miners and users of heavy engines (14) .
In a large U.S. case-control study (2584 cases and 5099 controls), diesel exposure was one of the exposes considered (15) . Again, the crude risk of lung cancer for diesel exposure fell from 1.31 to 1.02 after adjustment for confounding factors. The duration of exposure showed a nonsignificant correlation with risk.
A Swedish cohort study of 695 bus garage workers indicated a slight, statistically nonsignificant elevation of lung cancer risk as compared to Stockholm workers in general. However, a nested case-control study within the cohort showed a significant trend in lung cancer risk with estimated (19) . Mean exposure from ambient air in Sweden (20) .
exposure to diesel exhaust (16) .
A U.S. case-control study analyzed the exposures of 996 union members who died of lung cancer and 1085 control individuals who died of other causes. Occupational histories were reconstructed from the union files, and additional information was obtained by interviewing relatives. Truck and trailer drivers were at an increased risk, which significantly correlated with duration of exposure (17) . Mortality of Icelandic professional truck (n = 868) and taxi (n = 26) drivers from lung cancer was significantly elevated for the former group only, with SMR = 2.14 (95% CI 1.37-3.18) as compared to the national rate. There was no systematic dependence on the length of follow-up or latency. Smoking habits of a subpopulation of truck drivers did not differ from those of taxi drivers or other men (18) .
The studies that have been published since IARC's evaluation of diesel exhaust lend further support to the association between occupational exposure to diesel exhausts and lung cancer. There is no further evidence on the possible association between gasoline engine exhaust and lung cancer.
Extrapolation of Cancer Risk at Currently Known Pollution Levels
In the above sections, evidence for the association of past environmental and occupational exposures and risk of cancer was surveyed. In the present section, current ambient air levels are used in an extrapolation of cancer risk.
Extrapolation from Human Dat
Unit risk factors calculated by the U.S. Environmental Protection Agency (19) from epidemiological studies on occupationally exposed populations were used to estimate the annual number of cancers caused by air pollution. Unfortunately, unit risk factors are available for a limited number of exposures only. Table 3 , column A gives the unit risk factor as a number of cancer cases following a lifetime exposure to a pollutant at 1 pg/mi3.
Column B is the estimated mean exposure from ambient air in Sweden (20) . Column C is the product of figures in columns A and B and gives the lifetime cancer risk; column D is the annual number of cancers caused by the inhaled pollutant/I million population (i.e., D = A x B/106/70, where 70 is used as the mean age and is applied to convert a lifetime risk to an annual risk).
The largest contribution to cancer burden is estimated for polycyclic aromatic hydrocarbons (PAH) (lung cancer), asbestos (lung cancer and mesothelioma), benzene (leukemia), and arsenic (lung cancer), each causing 0.5 to 1.0 annual cases/10 inhabitants. The contribution of cadmium, chromium (6-valent), and nickel is about 100 times less.
There are three important qualifiers to the figures given in Table 3 . a) While indoor air concentrations are likely to be higher for exposures such as asbestos, benzene, and PAH, only outdoor ambient air concentrations are used (21, 22) . b) The levels cited are low in comparison to measurements carried out in other countries (1) . There are a number of reasons for this: true decline in ambient air concentrations of pollutants, as in the case of PAH in many countries; particularly low concentrations in Sweden; and paucity of measurements available in Sweden. c) All of the metals and PAH are derived primarily from food through soil or deposition of airborne particulate material (1, 23) . At the levels cited in Table 3 , 99% or more of the metal and PAH exposure may be from food, making inhalation exposure toxicologically less relevant. To illustrate this point, Table  4 lists the estimated routes of exposure to B[a]P in the United States around 1980 (24) . Intake through air accounts for 0.1 to Environmental Health Perspectives Table   S it is assumed that air pollution increases the risk of lung cancer in the total, leading to relative risks between 1.1 and 1.5. In a western population of 1 million, about 300 male and female lung cancers are diagnosed annually. In case air pollution caused a relative risk of 1. 1, 30 excess cases of lung cancer would appear annually per population of 1 million. If the relative risk were 1.5, 150 air pollution-related cases would be caused. Because the relative risks of lung cancer associated with air pollution range between 1.0 and 1.5 in the epidemiological studies, it may be an important factor in the causation of cancer if sites other than the lung also are considered.
Conclusions
Epidemiological studies performed during the last few decades seem to indicate that urban residents have a smoking-adjusted increase in lung cancer up to 1.5 times that of the countryside residents. While more studies were carried out on men, the studies including women were consistent with such a risk. In some studies effects were seen only among smokers, and some studies suggested that smoking had a multiplicative interaction with air pollution. Whether the excess risk of lung cancer can be attributed to urban air pollution cannot be determined conclusively, but it is suggested that it at least contributes to the risk. There may be positive confounding in the urban environment by lifestyle factors other than smoking in the urban environment. However, it should be pointed out that negative confounding also is likely in cases such as higher residential radon concentrations in rural homes and more frequent domestic wood and coal burning in the countryside. Additionally, studies on occupations involving exposure to diesel exhaust add further support to a causative role of urban air pollution in lung cancer. It is by no means excluded that urban air can contribute to risks of cancers at sites other than lung.
The spectrum of carcinogens in urban air has changed extensively and continues to change. It is difficult to predict how much the current urban air pollution can contribute to the future risk of cancer. Extrapolations based on the present-day concentrations of pollutants and the unit cancer risks obtained from occupational epidemiological studies are applicable only for a few carcinogens because of the sparcity of epidemiological data. Such calculations have drawbacks because they do not usually consider interactions. They also are not wholly justified as the pollutants. Although chemically similar, they may not be present in the same physical form in the urban air than they were in the occupational environments. Such calculations were done for seven compounds, and they resulted in 2.5 urban air-related cancer cases/year/ 106 inhibatants.
This figure is an underestimate of the total cancer risk, but it may give a relative order of importance for lung cancer risk of these seven agents. Further epidemiological data that use more detailed exposure information are necessary to reduce the uncertainties in the risk estimations.
